Resting cells of Fusarium oxysporum f. sp. Cucumerinum (F. oxsporum) were used for the biotransformation of salvianolic acid B (Sal B). Three transformed products, isolithospermic acid, prolithospermic acid and danshensu, were identified on the basis of chemical and spectroscopic data. The stability of the two ester bonds of Sal B was studied and two degradation routes were found. In the biotransformation system, Sal B was transformed into isolithospermic acid first which was then converted into prolithospermic acid. In alkaline solutions, Sal B was transformed into lithospermic acid first which was then converted into prolithospermic acid. This is the first reports of the NMR spectra of isolithospermic acid and this result may indicate the metabolic pathways of Sal B in vivo.
In this report, F. oxsporum was used for the biotransformation of Sal B in order to search for new compounds with higher bioactivity. A compound (isolithospermic acid), which did not exist in danshen, was identified and the two degradation routes of Sal B were also studied.
The Sal B in phosphate buffer (PBS) could be transformed by F. oxysporum (Figure 1 ). The main product after 36 hours was peak 2, which could be further transformed into another two compounds (peaks 4 and 5) over time. Peak 5 had the same retention time and a similar UV spectrum as the danshensu standard sample. From the analysis of ESI-MS spectrogram (MW 198), peak 5 was identified as danshensu, which was the hydrolysis product of Sal B.
The transformation process was considered as a hydrolytic reaction after the identification of danshensu. Positive HR-MS, m/z: calculated for C 27 H 22 O 12 Na, 561.1009, found 561.1006, indicated that peak 2 was lithospermic acid or its isomer (we named it isolithospermic acid). The retention time of lithospermic acid standard sample in HPLC was about 9 minutes and different from standard sample in HPLC was about 9 minutes and different from peak 2. Thus, peak 2 should be isolithospermic acid, which had been confirmed from its NMR spectra ( Figure 2 ). Isolithospermic acid has never been found in danshen before and has been identified in the degradation products of lithospermic acid B (Sal B) through LC-MS [12] .
The 1 H-NMR spectrum of isolithospermic acid showed two transolefinic proton signals at δ 7.51 and 6.20 (each d, J = 16.0 Hz), an AB pair of aromatic proton signals at δ 7.19 and 6.82 (each d, J = 8.4 Hz) and two ABX types of aromatic proton signals at δ 6.71 (d, J = 8.0 Hz), 6.68 (d, J = 2.0 Hz), 6.54 (dd, J = 2.0, 8.0 Hz), and at δ 6.56 (d, J = 8.0 Hz), 6.59 (d, J = 1.6 Hz), 6.32 (dd, J = 1.6, 8.0 Hz). The HMBC correlations between, the proton signals at δ 4.36 and 5.71 and the carbon atom signals at δ 123.2, 147.6 and 131.5, the proton signals at δ 2.84 and 2.90 and the carbon atom signals at δ 127.0, 120.2 and 115.7, the proton signals at δ 7.51 and 6.20 and the 886 Natural Product Communications Vol. 7 (7) There are four stereogenic centres in salvianolic acid B, and the configuration of the two stereogenic centres of the dihydrobenzofuran ring is S/S, and the other two stereogenic centres have the R configuration. The biotransformation of salvianolic acid B should not affect these stereocentres and therefore the configuration of these carbon atoms in isolithospermic acid should be the same as that in salvianolic acid B [13] .
By comparing the HPLC chromatograms in Figure 1 B and C, peak 4 was suspected to be prolithospermic acid (the hydrolysis product of isolithospermic acid). The identity of this peak was verified by its ESI-MS spectrum (MW 358) and NMR spectra [14] ( Table 1 and Figure 3 ). The biotransformation route of Sal B is summarized in Figure 3 . Sal B is biotransformed by hydrolysis into isolithospermic acid first which is then converted into prolithospermic acid. There are many kinds of carboxylesterase in F. oxysporum [15] [16] [17] , which could catalyze the hydrolysis of these ester bonds. From an examination of Figure 1 , we could find that the carboxylesterase could hydrolyze the ester bonds selectively. The esterase hydrolyzed ester bond 1 first to produce isolithospermic acid and then hydrolyzed ester bond 2 to produce prolithospermic acid.
Danshensu was also produced during the first step of the biotransformation. However, the HPLC peak for danshensu in Figure 1 B is not conspicuous. There are many other kinds of enzymes besides carboxylesterase in the cell of microorganisms, such as the monoxygenase and dioxygenase which can break the aromatic ring of a molecule through insertion of one or two oxygen atoms into the molecular structure [18] [19] [20] . The smaller a molecular is, the easier it can be degraded by oxygenase [21] . Danshensu might be degraded into smaller compounds which could not be detected by the UV detector of the HPLC. Sixty hours later, the oxygenase might lose its enzymatic activity and the danshensu produced by the second step of the transformation could only then be detected clearly as seen in Figure 1 C. Figure 4 shows the HPLC chromatogram of Sal B before (A) and after (B) being stored at pH 10 (aqueous NaOH) at 25 for half an hour. Sal B was only partially hydrolyzed into lithospermic acid and danshensu. The hydrolysis route is summarized in Figure 5 . pH 10 is a weakly alkaline environment, and most ester bonds are stable under these conditions, which indicate that ester bond 2 of Sal B is a relative weak one and can be hydrolyzed more easily. In fact, a similar phenomenon was found when Sal B was stored at pH 7 in aqueous solutions over a longer time period.
The content of lithospermic acid in danshen is 0.1-1%, while the Sal B's content is 3-10%. Base on our findings, lithospermic acid might be the degradation of Sal B in danshen. However, isolithospermic acid is not found in danshen. That is because ester bond 1 is more stable than ester bond 2 in the root of Salvia miltiorrhiza. So far, few reports discussed the hydrolysis metabolism of Sal B in vivo, and this article gives us a possible metabolic pathway of Sal B.
Experimental
Sal B of over 95% purity was prepared using the method we described earlier [22] .
Biotransformation of Sal B: F. oxysporum was incubated in liquid potato dextrose agar media (for liquid culture, with no agar added) [23] for 48 h to logarithmic growth phase with shaking at 28℃. _________ *In more strong alkaline environment, ester bond 1 will also be hydrolyzed, but the rate is slower compared to ester bond 2.
Cells were collected through centrifugation (14000 g, 15 min) and washed once with distilled water. 250 g of Sal B was dissolved in 5 L of PBS (0.1 M, pH 7), in which 250 g of cells of F. oxysporum were added. The biotransformation was carried out in an 8 L bioreactor with agitation of 300 rpm and aeration of 5 L air per min at 28℃ for 60 hours.
Separation and purification of transformed products: 1 L of microsphere resin (NW100, Shanghai Haitian Biotech Co., Ltd, Shanghai, China) was washed with distilled water and added to a glass column (diameter 5 cm). After biotransformation, the reaction mixture was adjusted to pH 2 and filtered. The filtrate was applied onto the column at approximate 2 L per h. The column was eluted with MeOH/water (1:1) and fractions were collected.
The biotransformation products, which contained 15.8 g isolithospermic acid and 7.8 g prolithospermic acid, were further chromatographed to yield 1.53 g isolithospermic acid (purity over 98%) and 0.98 g prolithospermic acid (purity over 98%). These samples were used for further structural studies.
HPLC analysis:
The fractions of elution and the biotransformation were analyzed by HPLC (Agilent HP 1200, Santa Clara, CA, USA) using a C 18 column (Hypersil ODS2, 250 mm×4.6 mm, 5 μm, Dalian Elite Analytical Instruments Co., Ltd, Dalian, Liaoning province, China). The flow rate was 0.8 mL/min, and the column temperature was 40℃. The mobile phase composition was 1.7% acetic acid: methanol: acetonitrile (67:28:5, v/v). Detection wavelength was 281 nm.
Characteristic spectral analytical methods: UV spectra were produced by the DAD detector of an Agilent HP 1200 HPLC system. ESI-MS were run on a Waters Q-TOF-micro Mass Spectrometer. NMR spectra were recorded on a Varian INOVA-400 NMR Spectrometer at 400 MHz. Chemical shifts were stated in ppm from internal TMS.
